Algal monocultures (Chlorella sorokiniana and Botryococcus braunii) and algal communities native to clarifiers of a wastewater treatment plant were batch cultivated in (1) clarified effluent following a biochemical oxygen demand (BOD) removal reactor post-BOD removal clarified effluent (PBCE),
INTRODUCTION
Although algae have most commonly been used in wastewater treatment lagoons for nutrient polishing prior to discharge, microalgae cultivation could be sustainably integrated into advanced wastewater treatment plants (WWTP), expanding infrastructure that serves dual purposes and effectively uses wastes as resources. Not only may integration decrease the environmental footprint and increase the energy return on investment of the two systems (Clarens et al. ; Beal et al. ) , but without it, the economic feasibility of current algal cultivation technology is somewhat dubious (Pittman et al. ) . Advanced WWTP not only contain adequate nutrients to sustain algae growth, but integrating the two processes can contribute economic benefits to plant operation as well (Drexler et al. ) .
Many algal species can grow in municipal, industrial and agricultural wastewater and have been used in numerous wastewater treatment applications (Hoffman ) . Aside from reducing loading in wastewater, algal biomass can be harvested for many bioproducts, including biofuels, fertilizers or fish feed (Mata et al. ) .
This study involved the cultivation of two native algal communities derived from wastewater clarifiers (attached biofilm) and two monocultures (Chlorella sorokiniana and Botryococcus braunii) augmented with endemic cultures in unsterilized wastewater effluents. Chlorella spp. were chosen because of their relatively fast growth rate, resiliency and nutritional value (de-Bashan et al. ). B. braunii, on the other hand, grows much slower but produces large quantities of lipids, making it a desirable species for biofuel production (Metzger & Largeau ) . If lipids were released into the wastewater stream, the resulting chemical oxygen demand (COD) could be treated by activated sludge processes. Both species can also be digested for biogas (Frigon et al. ) . Because native species already thrive in the desired environment and pose a smaller threat of becoming an invasive species, phycoprospecting may reduce risks in algae-wastewater integration and help identify appropriate native species to produce for biofuel (Wilkie et al. ) . Phycoprospecting may be especially convenient if the end use of algal biomass (i.e., soil amendment) is less sensitive to algal composition. Therefore, native algal communities were also examined.
The aim of this study was to compare the biomass yield and nutrient removal efficiencies of these four algal populations at two stages of an advanced WWTP with the algal growth and nutrient removal efficiency in a reference media (RM).
MATERIALS AND METHODS

Algae stock cultivation
Algal monocultures were obtained from the University of Texas (UTEX) Culture Collection of Algae. C. sorokiniana (UTEX #246) and B. braunii (UTEX #572) stock cultures were acclimated in RM and Bold 1NV media (UTEX, web. biosci.utexas.edu/utex/media.aspx) prior to batch tests. During the acclimation stage, both cultures were shaken at 150 rpm (Lab-Line Incubator-Shaker, Melrose Park, IL) at a 12/12 photoperiod (3000 lux) at room temperature (25 W C). RM contained the following components: NaNO 3
(1.47 mM); NH 4 Cl (2.95 mM); K 2 HPO 4 (0.43 mM); KH 2 PO 4 (1.29 mM); CaCl 2 (0.25 mM); MgSO 4 (0.30 mM); NaCl (0.43 mM); NaHCO 3 (0.17 mM); Na 2 SiO 3 (0.15 mM); citric acid (0.16 mM); ferric citrate (0.14 mM); CuSO 4 (0.08 μm); ZnSO 4 (0.15 μm); CoCl 2 (0.84 μm); MnCl 2 (0.061 μm); Na 2 MoO 4 (0.052 μm); FeCl 3 (0.36 mM); ZnCl 2 (0.037 mM); and Vitamin B 12 , thiamine, biotin per UTEX Bold 1NV recipe. Native algal communities (A and B) were harvested from the respective clarifier weirs, transported in cold storage and inoculated in batch experiments the same day.
Experimental design
Algae were cultivated using clarified process streams from two sequential stages of the Howard F. Curren Advanced Wastewater Treatment Plant in Tampa, FL, USA, described previously in Drexler et al. () . Wastewater used as growth media was (1) clarified effluent following a high purity oxygen carbonaceous biochemical oxygen demand (BOD) removal reactor (post-BOD removal clarified effluent (PBCE)) and (2) clarified effluent following a nitrification reactor (post-nitrification clarified effluent (PNCE)). These sampling locations were chosen because of their differing dominant nitrogen sources (i.e., ammonia in the PBCE and nitrate in the PNCE), and because clarified effluent would allow better light penetration than activated sludge.
For comparison, algae were also cultivated in (3) RM containing both nitrogen sources.
Cultivation bioassays were conducted in 12-day batch tests in the laboratory, utilizing four algal populations: C. sorokiniana, B. braunii, an algal biofilm community native to the post-BOD removal clarifier (community A), and an algal biofilm community native to the post-nitrification clarifier (community B). Each population was cultivated in three types of growth media (PBCE, PNCE, and RM), resulting in a 4 × 3 experimental matrix. Initial water quality conditions of the media are shown in Table 1 , where the difference in nitrogen speciation between PBCE and PNCE is evident. Although increasing the pH of the RM was considered, it was not adjusted since the pH remained within the range preferred by C. sorokiniana and typical of activated sludge.
Wastewater was collected at the beginning of each species' batch test, which, due to variations at the wastewater plant, resulted in slightly different characteristics among the series. However, ammonia and nitrate concentrations among the series were fairly stable (RSD of 6.5% and 5.4%, respectively), and, after inoculation, phosphorus concentrations were not limiting in any case. Because the intention of the study was to test the feasibility of growing the algal species in unaltered wastewater to mimic field conditions, wastewater was not autoclaved or augmented with nutrients prior to experimental use for the bioassays.
Statistical comparisons of the initial and final conditions (pH, total and soluble nitrogen, ammonia, nitrate, phosphate, COD, total suspended solids (TSS), and optical density (OD)) were made using the Student's t-test. Comparisons with p-values less than 0.05 (p < 0.05) were considered 'significant' and are referred to accordingly.
Triplicate Erlenmeyer flasks (500 mL for C. sorokiniana, communities A and B; 125 mL for B. braunii due to limited available inoculant) were filled with growth media (400 mL for C. sorokiniana, communities A and B; 100 mL for B. braunii) and inoculated with C. sorokiniana or B. braunii until the biomass density was approximately 0.09 g/L. Native species were dewatered (but not dried) to remove remnant free liquid (Whatman glass fibre filters 934-AH), and a known amount of biomass (approximately 0.1 g) were added to each flask. All flasks were cultivated in the conditions described above.
Analytical methods
Water quality tests were conducted using the following HACH methods: COD (method no. 8000), total nitrogen (TN) (method no. 10072), nitrate-nitrogen (method no. 10020), ammonia-nitrogen (method no. 10031), and phosphate (method no. 10127). Phenol-sulfuric acid carbohydrate assays and Lowry protein assays were conducted to measure soluble carbohydrate and protein (Ferlita ) . OD was measured at 680 nm (HACH DR/ 4000 spectrophotometer), and pH was measured with Oakton pH probes. TSS were measured according to Standard Methods 2540D.
RESULTS AND DISCUSSION pH changes
In wastewater treatment, pH regulates not only biological health but also physical-chemical processes. All algal communities significantly increased the pH in both wastewater samples from a range of 7.4-7.6 to a range of 9.8-11.0, most likely due to the consumption of alkaline compounds (Uusitalo ) and the photosynthetic removal of carbon dioxide, as the cultures were not artificially aerated. The largest pH increase of the RM occurred when cultivating Chlorella spp. (from 6.0 to 6.8) and algal community A (from 6.5 to 7.8), but increased just slightly when cultivating B. braunii (from 6.6 to 6.8) and decreased when cultivating algal community B (from 6.8 to 6.3). The pH change in the RM was not significant due to the addition of the buffering agent NaHCO 3 . Although activated sludge processes generally operate within a pH range of 6-8, other physical chemical processes may require an alkaline pH. Therefore, strategically placing an algal reactor ahead of a treatment step requiring an alkaline pH could be advantageous for reducing chemical inputs. On the other hand, drastic pH increases may be harmful to downstream pH-sensitive processes. The extent of pH elevation may be lower in continuous growth at a WWTP than the batch bioassays due to the constant supply of carbon dioxide rich wastewater following aerobic respiration. The net impact of algae-induced pH changes on biological processes in a full-scale integration of algal cultivation, and wastewater treatment deserves further study.
Total and soluble nitrogen
The TN removal efficiency of communities A and B was not significantly different than that of C. sorokiniana in PBCE, and outperformed C. sorokiniana in PNCE (Figure 1 ). The removal efficiency of B. braunii was higher than the native species communities in all but one batch, but all nitrogen removal may not be solely attributable to B. braunii due to the presence of endemic fauna in unsterilized wastewater.
The final soluble nitrogen concentrations were significantly lower than the initial values in all samples (except community A in RM). Results agree with previous batch Chlorella sp. studies that achieved 61-86% removal (Li et al. ; Zhu et al. ) . With the exception of B. braunii, all species achieved greater removal of soluble nitrogen in the PBCE than the PNCE. Soluble nitrogen removal in the RM was considerably less than that in wastewater effluents. As native species' removal was comparable to augmented cultures, phycoprospecting may be as effective and less operationally intense than maintaining augmented cultures.
Ammonia-nitrogen
All species achieved significantly higher ammonia removal in PBCE than the RM (Figure 1 ). The final ammonia concentrations were significantly lower than the initial concentrations in all bioassays, and ammonia removal in the PBCE agreed with previous studies of Chlorella sp. that achieved 60-100% removal (Ruiz-Marin et al. ; Li et al. ) . Ammonia removal by the monocultures was not significantly different from that of the native species in PBCE, except B. braunii batch cultures achieved significantly higher removal than community A.
The location-specific nitrogen balance profiles for each algal population are presented in Figure 2 . Ammonia removal in batch cultures of C. sorokiniana, B. braunii, and community B cultivated in PBCE all appear to be aided by volatilization due to elevated pH in these cultures. Volatilization has previously been found to be highly correlated with free ammonia concentration in algae ponds (Zimmo et al. ) . In previous studies (Gustin & Marinsek-Logar ), when pH rose above 10, aeration-aided ammonia volatilization reached above 80%; although flasks were not aerated in this study, unaccounted for ammonia in PBCE batch tests were between 32 and 45%, which is within a reasonable range of unaided volatilization for the pH range of this study. Ammonia removal could also have been aided by struvite precipitation. Furthermore, pH remained below 8.0 in the RM (due to the buffering agent added) for all batch tests, and overall ammonia removal was significantly less in the RM than both wastewater effluents.
Nitrate-nitrogen
Nitrate removal was significant for all algal populations in the PNCE, as shown in Figure 1 Gaps in the nitrogen balance profiles (Figure 2 ) observed in the PNCE and RM may be explained (aside from experimental error) by denitrification. Previous work (Zimmo et al. ) has shown that denitrification contributes significantly (approximately 25% of TN loss) to nitrogen removal in algae-based ponds, and bacteria genetically similar to denitrifying bacteria have previously been found in wastewater process streams immediately following nitrification (Ghosh & Love ) . Therefore, denitrification by coexisting bacteria (in background wastewater or introduced with inoculant) was considered a possible cause of unaccounted for nitrogen removal, even though conditions in this study may be different than field conditions. Unfortunately, a direct measure of denitrification was not possible, and genetic testing of the algal bacteria communities was not conducted to verify the presence of denitrifying organisms. Denitrification is, therefore, merely a potential explanation.
Nitrogen preference of algae species
In the presence of both ammonia and nitrate nitrogen, many algal species, including Chlorella sp., will preferentially utilize ammonia (Ruiz et al. ) . B. braunii, on the other hand, has previously been grown successfully in nitrate dominated secondary wastewater (Sawayama et al. ; An et al. ). Accordingly, it was hypothesized that the native species would prefer the nitrogen species dominant in their respective clarifier.
To investigate nitrogen preferences, the RM included both nitrogen species. Although C. sorokiniana and B. braunii achieved significant removal of both ammonia and nitrate in the RM, the removal efficiency of ammonia was significantly higher than that of nitrate (Figure 1(c) ). The native species appeared to prefer the opposite nitrogen species as was expected, as community A had significant removal of nitrate and community B had significant removal of ammonia. Differences in the environmental conditions in batch tests compared to the native environment (i.e., attached versus suspended growth, light intensity) may have selected for different dominant species (with potentially different nitrogen preferences) than would be dominant in the native environment.
The amount of nitrogen measured in the final biomass of community A greatly exceeded the initial soluble nitrogen available (Figure 2(c) ), suggesting either analytical error and/or nitrogen fixation. Previous studies identifying algal species in secondary treated wastewater (Ghosh & Love ) noted the presence of cyanobacteria, which have been shown to fix nitrogen. Nitrogen fixed by community A cultivated in the PBCE, PNCE and RM amounted to approximately 25, 6.5 and 6.5 mg/L, respectively (corresponding to approximately 57, 15 and 12%, respectively, of the initial available nitrogen). Although it is possible that laboratory conditions favored nitrogen fixing bacteria, it is unlikely that nitrogen fixation occurred because ammonia and nitrate remained at the end of the experiments. It is more likely that the difference is explained by experimental error or a yet unidentified factor.
Phosphate-phosphorus
Due to algal assimilation and/or adsorption, phosphatephosphorus removal was significant for all algal communities in both wastewater effluents (Figure 1 ). An abiotic trial, where the pH of the RM was artificially raised, confirmed that phosphate did not precipitate significantly until pH values were higher than 8. Increased pH, such as that seen in the wastewater effluents, has been shown to encourage phosphate precipitation and adsorption to algal cells (Zhu et al. ) and may have aided phosphorus removal in this study. Phosphate removal was somewhat higher than previously reported for Chlorella sp. in domestic sewage treatment in batch cultivation (12-92% (Ruiz-Marin et al. ; Li et al. ) ), but similar to that found previously by B. braunii in secondary wastewater (Sawayama et al. ) . In the PBCE, the native communities provided equal removal efficiency as the augmented cultures; although community A had significantly less phosphorus removal in the PNCE than other species, the community still achieved an average of 60% removal. The phosphorus removal in RM was not significant (except in the B. braunii batch tests), where pH did not exceed 8 in any case due to the presence of a buffering agent. Although the RM had a much higher phosphorus concentration than the clarified effluent, phosphorus is not considered toxic to algae (Carpenter et al. ) and therefore would not have a detrimental effect on growth. Similarly, the elevated phosphorus concentration would not offer an advantage, since all cultures began with adequate N:P ratio (Redfield ) and excess phosphorus concentrations.
Communities A and B achieved comparable phosphate removal to the augmented cultures. If an algal-integrated WWTP did not require a monoculture with specific traits, cultivating phycoprospected populations that could achieve the same nutrient removal may be more economical and less difficult than maintaining an augmented culture, while still producing value-added algal products.
Organic carbon
The final soluble COD concentration increased significantly from an initial (33-82 mg/L) to final (76-141 mg/L) concentration range when cultivating C. sorokiniana in all media. Soluble COD also increased when cultivating B. braunii (from 84 mg/L to 227 mg/L) and community A (from 60 mg/L to 107 mg/L) in the PBCE. Similarly, soluble COD increased in the PNCE (from 25 to 49 mg/L) after cultivating community B.
The findings are contrary to two similar batch test studies (Li et al. ; Zhu et al. ) which achieved a minimum of 67% soluble COD removal depending on environmental factors. Both studies, however, were run on high strength wastewater with COD concentrations at least four times higher than those in this study. Hence, heterotrophic processes were likely dominant. Although COD removal was rapid in the first 2-3 days of the experiments, it eventually reached steady state above 100 mg/L. However, a batch study cultivating B. braunii in secondarily treated domestic sewage with lower nutrient loading also observed an increase in soluble organic carbon (Sawayama et al. ) .
An increase in soluble COD could be due to an increased production of extracellular polymeric substances (EPS), which can be induced via environmental stresses (Babel et al. ) and should be accompanied by increased soluble carbohydrate, protein and/or organic nitrogen (Her et al. ) . Slight increases of these components did occur, though not significantly, in the batch cultures in this study (Table 2 ). Organic nitrogen concentration increased when C. sorokiniana was cultivated in PBCE and PNCE (from 2.5 to 4.4 mg/L and 2.8 to 3.0 mg/L, respectively). Soluble carbohydrate and protein increased when cultivating B. braunii (from 20.1 to 26.8 mg/L and 16.3 to 16.7 mg/L, respectively) and community A (from 8.9 to 41.0 mg/L and 10.2 to 17.6 mg/L, respectively) in PBCE. Similar increases in carbohydrate were observed when cultivating community B in the PNCE and PBCE (from 6.9 to 12.9 mg/L and 7.7 to 11.8 mg/L, respectively).
Although EPS may contribute to internal organic loading at a wastewater plant, it could help reduce the external chemical demand required for denitrification if it is readily biodegradable and was integrated ahead of denitrification. The effect of algal cultivation on soluble COD concentration in continuous culture and subsequent processes is deserving of further study. 
Final yield
Both monocultures grew readily in the wastewater effluents, confirming the feasibility of municipal wastewater as a feedstock for algae cultivation. The TSS yield of C. sorokiniana and B. braunii was significantly higher in both wastewater effluents than the yield in RM (Figure 3) . The TSS yield of communities A and B were significantly higher in the PBCE than the yield in PNCE. Because batch cultivation occurred in unsterilized wastewater, some biomass yield could be attributed to growth of endemic species.
The final concentration of C. sorokiniana and B. braunii cultivated in wastewater effluents was lower than that reported in other studies (An et al. ; Ruiz et al. ) .
Because the N:P ratio in all batch tests was lower than 16:1 (Redfield ), phosphorus was not considered to be limiting in any case. Instead, the lower yield is most likely a result of not aerating the bioassays, or a suboptimal light regime, as carbon dioxide and light are important factors for algal growth.
When final yield was normalized to initial concentration, B. braunii had a significantly higher final TSS than C. sorokiniana and community B when grown in both wastewater effluents. However, other endemic species had colonized the B. braunii batch tests, as other faster growing endemic species in the unsterilized wastewater overtook B. braunii. C. sorokiniana had a significantly higher final TSS than community B in both wastewater effluents. Community A, however, had the highest final TSS of all species in both wastewater effluents. Similar trends were seen in mass yield as dry weight for each species and growth media. Since native species produced as much or more biomass than augmented cultures in many cases, if biomass volume is the goal of integration (i.e., for biogas production or fertilizers), native species may be an acceptable alternative to augmented monocultures.
Specific growth rate was only determined for the C. sorokiniana series, due to the other cultures' heterogeneity inhibiting the ability to take a representative sample without significant culture disruption. The specific growth rate of C. sorokiniana was significantly higher in both wastewater samples than the RM (0.11 d À1 ), and the growth rate in the PBCE (0.52 d À1 ) was significantly higher than the PNCE (0.40 d À1 ). The growth rates were within the range of those previously reported for Chlorella sp. in wastewater (Ruiz et al. ; Zhu et al. ) . The lower growth rate in the RM may have been due to the lack of algae-bacteria interactions in the sterilized media.
Community interactions
Because wastewater effluents were not sterilized prior to batch tests to better simulate scale-up conditions, diverse endemic algae and bacteria, which have been shown to be quite diverse (Ghosh & Love ) , were cultivated along with the target species. Although community profiling tests were not conducted on the final algal communities, qualitative inspection suggested that B. braunii was overcrowded by endemic species in the wastewater effluents (to a lesser extent in the PNCE than the PBCE), while remaining dominant in the RM. Microscopic inspection of communities A and B also indicated that the dominant groups shifted when grown in different growth media. On the other hand, the fast growing C. sorokiniana remained dominant in all series. Due to species competitiveness, it may be difficult to maintain the dominance of a slow-growing monoculture with wastewater as a feedstock, unless a means of segregation or isolation is implemented, such as a membrane bioreactor (Sawayama et al. ; Prieto ) , that may reduce competition by removing native species while allowing passage of nutrients.
CONCLUSION
This study shows that algal biofilm communities native to the clarifiers at two stages in an advanced wastewater treatment plant have had similar nutrient removal and biomass production capability as other extensively studied monocultures (C. sorokiniana and B. braunii.). After 12 days, all algal species achieved nitrogen removal between 68 and 99% and phosphorus removal between 60 and 100% in clarified effluents. All species investigated achieved higher yield in the ammonia-dominated PBCE, which may be where future algal photobioreactors should be incorporated into a wastewater treatment train. If a treatment plant integrates algae cultivation into its process train and is less concerned with specific biomass traits, cultivating native species can provide similar nutrient removal and biomass production benefits compared to augmented algal monocultures. Elevated pH in the batch series was significant and could be advantageous in continuous operation if an algal reactor was placed ahead of a treatment process (i.e., coagulation) that required an elevated pH. Similarly, increased soluble COD concentrations could be used to decrease external carbon inputs for denitrification. Both topics (and the degradability of the soluble COD produced) deserve further study. Not surprisingly, significant endemic species growth was apparent in unsterilized wastewater; if clean monocultures are required or predation is a concern, an isolation mechanism in the algal reactor may be recommended.
